ABSTRACT A method combining characteristic mode analysis and shorting pins is presented to reduce out-of-band mutual coupling of linearly polarized rectangular microstrip antennas. Virtual feeds are applied to the antennas for depicting the contributions of each mode to the normal operation and mutual coupling of the antennas. Expressions of the modal self and mutual impedances are deduced for coaxial probes that represent the electric current excitation. Shorting pins are used to suppress specific modes with large modal mutual impedance and the suitable positions are suggested by the eigenfield distributions. Normal operation of the antennas is hardly affected by the shorting pins. The numerical and experimental results are presented for verification. Several prototypes are presented for explaining the presented method and a reduction of 5∼14 dB is achieved for mutual coupling. Furthermore, it is found that the presented method is hardly affected by the distance of the antennas, which makes it useful for the design of shared aperture antennas.
I. INTRODUCTION
In recent years, multiple-antenna systems have been widely applied to wireless community, transportation, and military platforms. For instance, a number of antennas are equipped in an aircraft in order to meet the needs of communication, navigation, and autopilot, etc. To reduce the number of antenna apertures installed on the aircraft, shared aperture antennas are one desirable solution [1] - [5] . Among possible building elements for shared aperture antennas, microstrip antennas have the merits of low profile, low weight and wide beamwidth, which is a main stream technique [1] - [4] . As the distance between the antenna elements in the shared aperture is limited in many cases, high mutual coupling between densely packed microstrip antennas can cause pattern distortion, reduce transmission rate, or introduce severe electromagnetic inferences to nearby receivers [6] , [7] . Therefore, it is necessary to suppress mutual coupling of closely packed microstrip antennas.
A few attempts have been made for suppressing mutual coupling of microstrip antennas. For instance, an extra slot is
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etched on the common ground plane between two microstrip antennas and it achieves an isolation of over 40 dB [8] , [9] . It is valid for very closely packed microstrip antennas, but it affects the radiation patterns considerably. Usage of the electromagnetic band-gap (EBG) [10] or split-ring resonator (SRR) [11] , [12] , on the other hand, do not change the radiation patterns much but it requires a large space in the middle of the microstrip antennas to accommodate the periodic elements. A simple microstrip U-section was adopted to reduce the mutual coupling of microstrip antennas by 6∼10 dB without affecting the radiation patterns much [13] . However, the extra U-section occupies a large space between the two microstrip antennas.
This paper presents a new method using characteristic mode analysis (CMA) and shorting pins to reduce mutual coupling of linearly polarized rectangular microstrip antennas. CMA has been paid much attention for guiding antenna design and it is also effective for suppressing mutual coupling between different antennas [14] - [16] . CMA is not limited by the structure or material of the antennas owing to its full-wave nature and it is independent of the feed position. Therefore, it is flexible and convenient to analyze the radiation and coupling problems [17] . With regard to a two-port antenna system, the computed modes can be divided into the functional and nonfunctional modes. Functional modes contribute mainly to desirable radiation, whereas the nonfunctional ones mainly to mutual coupling. By suppressing the nonfunctional modes while not affecting the functional ones, mutual coupling can be reduced with little influence on normal operation of antennas [14] . In this paper, the modal impedance is introduced to quantify the contributions of each mode to the radiation and mutual coupling. Properties of modal impedance are similar as those of modal admittance [14] , but the former is used for current excitation and the latter, for voltage excitation. Shorting pins are utilized to suppress specific modes and the optimum positions are inferred from the eigenfield distributions. Numerical and experimental investigations are carried out to verify the proposed method. It is shown that the method can reduce out-of-band coupling by over 14 dB and hardly affect the radiation pattern. In addition, it can work at different gaps between the microstrip antennas, which are flexible for suppressing near-and intermediatefield coupling. It is worth mentioning that this paper treats the linearly polarized rectangular microstrip antennas, but it is not limited by the shape and polarization mode of antennas in theory. The proposed method can be applied to microstrip patch antennas in other shape and polarization mode.
The remaining parts of this paper are organized as follows. In section II, CMA of microstrip antennas is presented and the modal impedance is introduced. In section III, an example with numerical and experimental results is presented to verify the proposed method. In section IV, an improved design with better performance is presented. In section V, applicability of the proposed method for other distances between the antennas is demonstrated. This papered is concluded in section VI.
II. CMA OF MUTUAL COUPLING FOR MICROSTRIP ANTENNAS A. THEORY OF CHARACTERISTIC MODES
Theory of characteristic modes for a conducting body is based on the linear operator Z (J) defined as [18] 
where ''tan'' refers to the tangential components on the body surface and operator L(J) is defined as
where A is the magnetic vector potential of surface current J. From (1), the following eigenvalue equation can be solved as
where X and R are the imaginary and real parts of operator Z, respectively. The eigencurrents J n are orthogonal on the body surface and in the far field, and the eigenvalues λ n are real numbers. Therefore, the induced current on the body surface due to incident field E i can be expanded into a linear superposition as J = n α n J n , where the coefficient α n reads Characteristic electric field (i.e., the eigenfield) produced by the eigencurrent J n can be expressed as E n = L(J n ), and thus the electric field can be decomposed as
B. MODAL IMPEDANCE
The concept of virtual feed between the radiator and ground plane is introduced for CMA of planar antennas [17] . As the virtual feed is not taken into consideration when computing the modes, the self or mutual input parameters for any number of probes at any position on the structure can be computed.
As illustrate in Fig. 1 , two virtual feeds are set at r 1 and r 2 for the patches, respectively. The self and mutual impedances of the two feeds are given as [17]
where E (r 1 ) and E (r 2 ) are the total electric fields of the virtual feeds at r 1 and r 2 , respectively. J s1 is the current density of a coaxial probe at r 1 , and I s1 is total current on the inner conductor of the coaxial probe and it equals to
According to (5) , E (r 1 ) can be decomposed into the modal electric fields by the equation
where E n (r 1 ) is the eigenfield produced by the eigencurrent J n at the first virtual feed (located at r 1 ) and E s1 is the excitation electric field on the opening area of the coaxial probe (c.f. Fig. 1 ). Nevertheless, microstrip antennas are excited by the current source rather than the electric field as shown in Fig. 1 . So it is necessary to redefine the weight coefficient α n . If only metallic part of the antennas is considered, the following equation are obtained according to the Lorentz reciprocity theorem as
In this way, we change the inner product of the excitation electric field and eigencurrents into the inner product of the excitation current and eigenfield. Based on the relation in (10), equation (9) can be rewritten as
In a similar way, E (r 2 ) can also be decomposed as
We assume that the coaxial probe is electrically thin and thus the excitation current can be simplified as [19] 
From the equations presented above, the calculation equations for the modal impedance can be obtained as
We can define the eigenvoltages produced by the nth order eigenfield at the virtual feeds as
In this case, equation (14) and (15) can be simplified as
It should be noted that the expressions in (18) and (19) are very convenient to use as we do not need to recompute the modes if the feeding positions are changed. Moreover, they can be easily extended to the cases with more than two ports. It is interesting to see that the modal impedance defined in this paper is similar as the modal admittance in [14] that can be used to analyze the antennas excited by a voltage source (i.e. the gap excitation). As a result, the modal impedance provides similar physical insights as the modal admittance. The value of modal mutual impedance indicates how one certain mode contributes to the mutual coupling between the two ports. Similarly, modal self impedance shows how much a specific mode of the antenna is excited by the feeding port. Therefore, in order to reduce the mutual coupling between microstrip antennas, we can suppress the modes which contribute much to the mutual coupling while conserving the modes which are essential for normal operation of the antennas.
C. USAGE OF SHORTING PINS TO SUPPRESS MODES
Shorting pins are widely used in the design of microstrip antennas. For example, shorting pins can enhance the antenna gain [20] , improve the impedance bandwidth [21] , suppress the harmonic radiations [22] , reduce the cross polarization [23] , and cancel the volume polarization currents on substrate [24] . In addition, shorting pins are easily implemented in microstrip antennas, and they yield fewer losses than chip inductors or capacitors in microwave bands. Therefore, shorting pins are convenient to be put into practice for microstrip antennas. In this paper, the shorting pins are used to suppress specific modes for improving the isolation of microstrip antennas. As shown in Fig. 2 , we assume a shorting pin is loaded between the patch on the top layer and the ground. Metallic structures of the patch and the ground will suppress the parallel components of the electric field near the shorting pin. As a result, the self-and mutual-impedances between the two ports may be controlled by the shorting pins. If shorting pins are located at the place where the eigenfield is strong, the corresponding mode can be suppressed effectively. Furthermore, if the shorting pins are located at the place where the eigenfield is weak, this mode is hardly affected by the shorting pins. Therefore, locations of the shorting pins are essential for suppressing the nonfunctional modes while keeping the normal operation of the antennas unaffected. In order to verify the effect of shorting pins, some examples are given as follows.
As illustrated in Fig. 3 , a microstrip antenna fed by a coaxial probe is selected as an example to analyze the effect of shorting pins. Eigenfield distributions between the patch and the ground plane are calculated numerically. Spatial distributions of the z-direction eigenfield of modes 1 and 2 of this antenna are illustrated in Fig. 4 . According to the analysis presented above, if we want to suppress mode 2 while not affecting mode 1, the shorting pin should be loaded at the place where the eigenfield is large in magnitude for mode 2 but much smaller in magnitude for mode1. In a similar way, we can also obtain a placement to suppress mode 1 while not influencing mode 2. Therefore, the two placements are tried to verify the effects of shorting pins on the modes, respectively. Strategy one is applied to suppress mode 2 while not affecting mode 1, and strategy two is on the opposite. The two strategies and corresponding results are shown in Fig. 5 and Fig. 6 , respectively. The eigenfield of mode 1 is not affected in Fig. 5 , which means that the self-and mutual-impedances of mode 1 are not changed much. But the eigenfield contribution of mode 2 changes significantly: the eigenfield intensity is reduced, particularly at the places near by the shorting pins.
Through (18) and (19) , the self-and mutual-impedances will be greatly reduced, which means that mode 2 is suppressed effectively. Similar results occur in strategy two, mode 1 is suppressed and mode 2 is not influenced much. From the verification in this section, a method using shorting pins to suppress specific mode is demonstrated. If we want to suppress one mode, the shorting pins should be loaded at the places where eigenfield of this mode is strong. On the contrary, if we want to conserve one certain mode, the shorting pins are suggested to be loaded at the places where eigenfield is weak. 
III. NUMERICAL AND EXPERIMENTAL VERIFICATION A. NUMERICAL SIMULATIONS
The two microstrip antennas discussed in this section is shown as Fig. 7 . Antenna 1 is resonant at f 1 = 1.57 GHz and antenna 2 at f 2 = 2.45 GHz. The first frequency is widely used in Global Positioning System (GPS) and the second one is within the free Industry, Science and Medicine (ISM) band. If we want to reduce the mutual coupling at f 2 , according to the design procedure [14] , the modal mutual impedances at feeding ports are computed and shown as Table 1 . The lowest 100 modes are considered and mode 44 has the largest values and its eigenfield distribution is shown in Fig. 8 . It can be noticed that the eigenfield has relatively higher density on antenna 1 and thus the shorting pins should be loaded at antenna1. It is similar to TM20 mode according to the theory of cavity model [25] , [26] . In order to conserve the normal operation of antenna 1, the functional mode with the largest modal self impedance value is found out and its eigenfield contribution is shown in Fig. 9 . This eigenfield contribution is similar to TM01 mode in cavity model, which is functional mode of rectangular microstrip antenna as well. The distributions shown in Fig. 8 and Fig. 9 suggest the suitable locations of the shorting pins as shown in Fig. 10 . Three pins with a radius of 0.7 mm are added to antenna 1. By numerical simulation, the obtained S-parameter curves, total surface current distribution and radiation pattern of antenna 1 are shown in Fig. 11-13 .
As shown in Fig. 11 , magnitude of the S21 parameter is reduced from −38.7 dB to −42.0 dB at f 2 = 2.45 GHz and the S11 and S22 parameters are not changed obviously. In Fig.12 , the total surface current is presented when antenna1 is excited at 2.45 GHz. It can be observed that the surface current is reduced obviously, when means that the interference of antenna 1 to antenna 2 is suppressed effectively. It is worth mentioning that dimensions of the two antennas are exactly the same as the ones shown in Fig. 7 . This is due to the fact that the positions of the shorting pins locate at the places where the eigenfield of the functional mode is weak (c.f. Fig. 9) . Hence, the shorting pins have neglectable VOLUME 7, 2019 influence so that the normal operation of the antennas is not changed obviously. This can also be noticed in Fig. 13 . The radiation pattern of antenna 1 has not significantly changed and the maximum gain is not affected either by the shorting pins. For antenna 2, its structure is exactly same in the two strategies and its radiation pattern is almost completely unchanged. 
B. EXPERIMENTAL RESULTS
In order to verify the results of numerical simulations, the original and optimized antennas were fabricated and measured. Photograph of the fabricated prototypes is shown in Fig. 14 . The measured S-parameter curves and radiation patterns of the prototypes are shown in Figs. 15 and 16 , respectively. The size of antennas remains unchanged for the original and optimized prototypes. Due to the fabrication precision and the tolerance of permittivity of the dielectric substrate, the measured resonant frequencies do not exactly agree with the simulated ones, i.e., the measured resonant frequencies shift upwards by ∼40 MHz. Despite this imperfection, it can be observed in Fig. 15 that magnitude of the S21 parameter is reduced from −39.2 dB to −45.8 dB at 2.45 GHz, and the S11 and S22 parameters are not influenced noticeably. In addition, the normalized radiation patterns illustrated in Fig. 16 show that the shorting pins have very little influence to the normal operation of both antennas. These results verify the discussions in Part A of this Section and the effectiveness of the shorting pins to reduce the mutual coupling of the microstrip antennas.
IV. AN IMPROVED DESIGN WITH SUPPRESSION OF TWO MODES A. NUMERICAL SIMULATIONS
From the results presented in Section III, the mutual coupling is reduced slightly in the condition that the dimensions of both antennas are not changed. In this section, an improved design involving the deployment of shorting pins and alternation of the antenna size is presented in order to achieve a better isolation.
It can be noticed in table 1 that modes 47 and 49 have both relatively large modal mutual impedances. If we can suppress these modes simultaneously using shorting pins, the mutual coupling may be reduced further. Spatial distributions of the z-direction eigenfield of modes 47 and 49 are shown in Fig. 17 . It can be observed that the eigenfield contributions of the two modes are quite similar and they are similar to the TM02 mode in cavity model. The eigenfield has peak values at four corners of antenna 1, which is marked with red points in Fig. 17 . If shorting pins are loaded at these places, the two modes can be suppressed simultaneously, but the functional mode that is illustrated in Fig. 9 will be also influenced. To find out its influence to the normal operation of antenna 1, four shorting pins are placed at the red points in Fig. 17 . Now we name the strategy applied in Section III as prototype A and this strategy with four pins at the corners as prototype B. If the size of the antennas is not changed, the S-parameters of the antennas in prototype B are computed and shown as Fig. 18 . It is seen that magnitude of S21 parameter of prototype B is reduced to −46.4 dB, which is better than the value of prototype A. However, the resonant frequency of antenna 1 moves to 1.95 GHz. This means that the shorting pins indeed influence the functional mode, so the normal operation condition is changed. Therefore, the dimensions of antenna 1 are changed in order to retrieve the resonant frequency of antenna 1 to 1.575 GHz. This is done by increasing slightly the dimensions of antenna 1 to 8.80 cm × 6.75 cm. We name this strategy as prototype C and its simulated results are shown in Fig. 19 . It can be observed that the mutual coupling of prototype C is reduced to −46.4 dB, which is exactly same as the one in prototype B.
From the results shown in section III, it can be noticed that the three shorting pins used in prototype A (c.f. Fig. 10 ) do not affect the normal operation of antenna 1. Therefore, we may combine prototype A and prototype C to get the final design of prototype D. This combination will not affect the resonant frequency of antenna 1 and thus its dimensions need no further modifications. Seven shorting pins are used in prototype D and their locations are illustrated in Fig. 20 . Simulated results of prototype D are provided in Fig. 21-23 , respectively. The mutual coupling at 2.45 GHz in prototype D is reduced to −51.3 dB, which is much better than those of either prototype A or prototype C. Besides, the magnitude of surface current is reduced further contrast with the results in Fig. 12 . At the same time, it can be noticed that the normal operation of antenna 1 is still not changed much as shown in Fig. 23 . Therefore, we can conclude that when the size of antennas is adjusted, the loaded shorting pins in antenna 1 can reduce the mutual coupling by over 14 dB with little influence to the normal operation of antenna 1 and also antenna 2.
B. EXPERIMENTAL VERIFICATION OF PROTOTYPE D
Prototypes of prototype D were fabricated and measured to verify simulated results in Part A of this Section. Photograph of the prototype in prototype D is shown in Fig. 24 of the prototypes in prototype A, the resonant frequencies of antennas in prototype D are slightly higher than the simulated ones due to the fabrication and material tolerances. It is observed that the mutual coupling at the resonant frequency of antenna 2 is reduced to 50.8 dB, which is much lower than the value in prototype A. The normalized radiation pattern shown in Fig. 24 shows that the normal operation of antenna 1 is hardly influenced. The experimental results verify the effectiveness of prototype D and thus the presented method.
V. DISCUSSIONS ON DIFFERENT DISTANCES BETWEEN THE MICROSTRIP ANTENNAS
In order to find out whether the proposed method is suitable for other distances between the microstrip antennas, several examples are analyzed in this Section. As shown in Fig. 27 , the center distance between the two patches is denoted as D, and the results of the antennas in prototype A and prototype D on the situation of D = 10 cm and D = 8 cm are shown in Figs. 28 and 29, respectively. It can be noticed that when the distance is reduced, the mutual coupling increases accordingly as expected. In these cases, it can be noticed that shorting pins in prototype A and prototype D are still effective to reduce the mutual coupling. With D = 10 cm, the mutual coupling is reduced by 3.4 dB in prototype A, and 9.0 dB in prototype D at 2.45 GHz. When D = 8 cm, the mutual coupling is reduced by 3.0 dB in prototype A, and 14.3 dB in prototype D. The normal operations in the discussed cases have no significant change. This means that proposed method is not limited by the distance between antennas. Even in the case that center distance is reduced to 8 cm, which means that edge distance between antennas is only 2.325 cm, the proposed method is still effective. To our best knowledge, structure such as EBG or RSS may not be available in such a small space. Therefore, the proposed method has provided a useful advancement for the design of microstrip antennas with low mutual coupling that can be used in shared aperture antennas.
VI. CONCLUDING REMARKS
In this paper, a method is proposed to reduce the mutual coupling of linearly polarized rectangular microstrip antennas. The modal self and mutual impedances are proposed and used to discriminate the modes which contribute mainly to mutual coupling but not much to the normal operation of the antennas. Shorting pins are adopted to suppress the discriminated nonfunctional modes. From the results provided in this paper, we can conclude that the mutual coupling between microstrip antennas can be reduced slightly when the size of antennas remains unchanged. If the size can be adjusted, the shorting pins at proper positions can have better performance for the reduction of mutual coupling by over 14 dB. Shorting pins are convenient to be integrated on microstrip antennas and the suitable loading positions are suggested by the eigenfield distribution of the modes. In addition, it is shown that the proposed method is not limited by the distance between the microstrip antennas, which is advantageous over than some existing methods such as the usage of EBG or SRR.
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